I. INTRODUCTION
Recently, a three-phase voltage source converter (VSC) has attracted significant attention due to its extensive applications and high-ranking position in the industrial power system [1] . It is available for bidirectional power flow, low harmonic line current, controllable power factor, and good DC-link voltage regulation ability. Therefore, it has been widely used in many areas, such as railway electrification systems [2] , renewable energy systems (offshore wind power generation) [3] , smart micro grids [4] , and DC transmission systems [5] . In order to control these systems effectively, several control strategies have been studied and utilized, such as the voltage oriented control (VOC), the direct power control (DPC), and the model predictive control (MPC).
VOC is a well-known control strategy particularly appreciated for its excellent steady state performance and fast dynamic response. The classical VOC contains typically a double loop structure with the voltage control as the outer loop and current control as the inner loop. However, the dynamic performance of the converter depends strongly on the current loop and proportional-integral (PI) parameters [1, 6] .
DPC employs a switching table to control the active and reactive powers simultaneously [7] . An optimal voltage vector is selected from this switching table [8] . Nonetheless, DPC always leads to large power ripples which reduce the power quality.
Currently, in terms of improving the system performance, the MPC strategy has been proposed for power converters [9] . MPC has several advantages, such as free of modulation, easy inclusion of system parameters, constraints and demands in the algorithm. Based on a system model, MPC selects an optimal voltage vector to predict the future state [10] , and a PI controller is employed to generate the active power reference. Since the parameters of PI controller are fixed during the operation, the dynamic system performances are limited, especially under disturbances. When the system state varies, it is usually impossible to find a single set of PI control parameters of the model predictive PI control (MPPIC) method to meet all system requirements.
On the other hand, the sliding mode control (SMC) scheme exhibits excellent dynamic response. In addition, SMC is able to reject the uncertainties and disturbances, such as unknown variations of control variables and system parameters [11, 12] . It employs a control signal to guide the system trajectory points onto a surface, known as the sliding surface or hyper plane. All the trajectory points will be enforced to the vicinity of the sliding surface within a finite time and towards the system equilibrium point thereafter [13] . SMC is simple to implement and execute. A sliding surface and the control law are designed to achieve the desired objectives [14, 15] . This paper proposes a novel model predictive sliding mode control (MPSMC). SMC is introduced to compensate the drawbacks of the traditional PI controller used in MPC. Firstly, the system model of the AC/DC converter is investigated. Then, the theory of MPC strategy based on PI controller is described. The grid current is predicted to calculate the active and reactive powers for the next sampling time, which increases the calculation speed. A sliding surface and a control law are designed to control the DC voltage by regulating the active and reactive powers in an AC/DC converter. Finally, the simulation results are carried out to observe and compare their dynamic performances obtained from the traditional and the proposed schemes.
II. SYSTEM DESCRIPTION AND MODELING Fig. 1 illustrates the power circuit of an AC/DC converter which is assumed as a three-phase voltage source rectifier. The main grid adopts the symmetrical three-phase three-wire system, connected with an IGBT full bridge through three series inductors L and resistors R, connected with a capacitor C to filter voltage harmonics on the DC side.
The active power conservation equation is used to describe the dynamic process of the voltage on the DC side, which can be calculated by
where Pdc is the active power on DC side, and Vdc and idc are the converter output voltage and current, respectively. Based on the power equilibrium, the input active power of the converter is equal to its simultaneous output active power, which can be given by , ac dc loss
where Ploss is the loss power of the converter, and in this paper, it is assumed to be zero.
It can be obtained from (1) and (2) that the active power on the AC side is equal to that on the DC side, shown as
III. MODEL PREDICTIVE CONTROL The mathematical model of the three-phase system in the two-phase stationary -coordinate system can be expressed as , , , ,
where Vg, and ig, are the grid voltage and current vectors expressed in stationary coordinates, respectively, and Vi, is the converter input voltage.
The discrete-time model of the grid current at (k+1)th instant for a sampling time Ts can be expressed as , , ,
Then, the active and reactive powers of this system can be calculated by
In order to control the active and reactive powers, the cost function J can be designed as: 2 2 ( ) ( ) .
ref ref
Substituting (4) and (6) into (7), one can deduce eight possible values for the active and reactive powers, separately, as the eight voltage vectors of the converter input voltage result in eight vectors of line current ig, . The cost function is employed to select the optimal values of P and Q, which can yield the minimum value of the cost function J. The corresponding voltage vector, that can generate the optimal values of P and Q, is then selected for the next step switching.
Traditionally, the reference of active power Pref is determined by the DC output voltage utilizing the PI controller [7] , and the reference of reactive power Qref is set to be 0 VAr to ensure the unity power factor operation. Therefore, according to (3), Vdc and Q are the actual external control signals in controlling P and Q. The main control block scheme is shown in Fig. 2 .
IV. THE PROPOSED CONTROL
The proposed MPSMC strategy applies a sliding model controller to replace the PI controller, as shown in Fig. 3 . The control problem is to detect an appropriate control law so that the system state can track the expected active power, as well as the desired dc-link voltage. In the steady state, the active power is proportional to the voltage on the DC side. Therefore, in order to control the active power, the objective of SMC can be converted to control the dc-link voltage.
A. Active power sliding surface
Based on the SMC theory, the sliding surfaces can be designed as a linear combination of the errors of state variables. Hence, the DC voltage tracking error is defined as the difference between the actual measured voltage V dc and the voltage reference V dc,ref ,
Then, the sliding surface is designed as the combination of the proportional and the integral of this voltage error, which is ,
where is a positive constant. It is chosen to impose suitable switching state.
Differentiating S V with respect to time and employ (10) to get , , = ( ) .
B. Active power control law
In this section, a MPSMC scheme for the AC/DC converter system is described and the control block diagram is depicted in Fig. 3 . According to the inherent uncertainty with respect to the active power in this system, the control law can be defined as (t), 0,
where u is the control law, P dc + (t) and P dc -(t) represent the instantaneous power when the sliding variable reach different sides of the sliding-mode surface S V , respectively.
By defining the uncertainty disturbance in output voltage on DC side, the first-time derivation of voltage can be expressed as 1 ,
where the bound of the uncertainty disturbance, , is assumed to be | | < < 1.
Based on the aforementioned analysis, the controller can be designed as
where k > 0 represent the suitable control gain.
C. Proof of Reaching Condition
The reaching condition is to ensure that the system reaching point will reach the sliding surface in a finite time no matter where its initial position in the state space is (SV would be negative, positive or zero) [16] . The control law is designed to meet the reach condition.
Apparently, if the converter output voltage is much higher than the reference voltage, i.e., S V is positive, which means that the active power is less than the reference active power, and the switching state calculated by the cost function is controlled to increase the output voltage to the reference value so that more energy could be transferred from the AC source to the load. Conversely, if the converter output voltage is much lower than the reference voltage, i.e. S V is negative, the switching state is then controlled to increase the output voltage to the reference value based on the proposed control law. The actual active power will be reduced to get the sliding surface in a finite time. Besides this, if the converter output voltage is equal to the reference value, i.e. S V is zero, the switching state keeps constant to make sure the active power remains at the desired value. Therefore, the designed control law is efficient and can satisfy the reaching condition.
D. Proof of Existence Condition
The design of the sliding mode controller should also meet the existence condition. This guarantees that the state trajectory of reaching points in the neighborhood field of the switching surface is capable to reach the sliding surface within a finite period. It can be represented as
Substituting (13) and (14) into (11), the sliding surface derivative can be rewritten as
The sliding-mode existence condition can be verified as follows
Therefore, the system is able to meet the existence condition via the following proof of two cases. 
Consider (19) and (21), it is easy to see that (15) , the existence condition, can be satisfied as long as the sliding coefficients and k are efficiently selected.
E. Proof of the tracking condition
Substituting (14) into (13), when the system trajectory points reach the sliding surface, i.e., SV = 0, the uncertainty disturbance is equal to zero as well, i.e., = 0, then the first-time derivation of the voltage error can be rewritten as follows , ,
(
) .
According to (22), as long as the sliding coefficient is positive, then trajectory points can keep stable at the sliding surface theoretically. However, as the AC/DC converter is a nonlinear system, the positive can hardly guarantee all the reaching points satisfy the stability condition globally, except for those points from the vicinity of the stability field. By applying the MPC and SMC schemes simultaneously in this system, all the trajectory points can hit and remain stable at the designed sliding surface only when is chosen from an inherent range of the analyzed set, i.e., > 0.
V. SIMULATION RESULTS

A. Simulation description
The performance of the proposed MPSMC strategy is evaluated with a detailed AC/DC converter model carried out in Matlab/Simulink. The results are compared with the traditional MPPIC scheme in terms of tracking performances. The electric parameters of the AC/DC converter are reported in in Table I . Note that, when the desired DC voltage is 180 V and the resistance load is 150 , it leads to an active power equal to 216 W. The reference of the reactive power Q ref is set to be 0 VAR to ensure the unity power factor operation. Fig. 4 shows the behavior of the dc-link voltage of the AC/DC converter when the output voltage requirement 180 V is applied on the DC side. It is possible to observe that the dynamic response of MPSMC is much more rapid than the conventional MPPIC strategy. The settling time (within 2% of the expected value) for MPSMC is about 0.015s, which is much shorter than 0.035s of MPPIC method. The settling time is increased by 57% with the proposed MPSMC scheme. Moreover, the overshoot of the DC voltage by employing the MPSMC strategy can be limited and reduced dramatically, compared with the traditional MPPIC algorithm. Fig. 8 shows the behavior of the two methods used in the system when a negative load voltage demand step from 180 V to 150 V is applied at time instant 0.12 s. It shows that the traditional MPPIC scheme takes 0.024 s to reach the steady state. The response time is nearly three times of that by using MPSMC (which is only 0.008 s). Therefore, the proposed MPSMC method provides faster voltage tracking with much smaller overshoot to meet the updated requirement compared with the conventional controller. Fig. 9 and 10 illustrate the performances of the active power, the reactive power and the grid currents under this demand variation, respectively. For the traditional MPPIC scheme, the active power spends more time getting a new steady state, equal to 150 W. 
B. Steady and dynamic performance
C. Operation under demand variations of the load voltage
D. Operation under variations of the load
At time instant 0.32 s, as shown in Fig. 11 , a sharp decrement of the load changing from 300
to 150 is applied to the system. The MPPIC can track the original voltage reference with no error, but the response is relatively slow compared to the proposed MPSMC algorithm. The main advantage is that, because it is based on the system model, the MPSMC performance exhibits a fast response without any obvious variations on the load voltage, as well as the active power, shown in Fig. 12 . Note that the transient currents on the grid side obtained from the MPSMC and MPPIC strategies present similar performance in Fig. 13 . 
VI. CONCLUSION
This paper presents a three-phase AC-DC converter controlled by the proposed model predictive sliding mode control versus the traditional MPPI control to generate the reference of active and reactive power. The simulation results show that while both two control strategies can meet the requirements of active and reactive powers, the proposed control scheme is able to increase the responding speed of establishing the stable voltage on the DC side, reduce the THD of the line current on the grid side, and respond more swiftly to the variation of the demand and the load. The proposed MPSMC only takes 15 ms to reach the stable level at the desired voltage, which is only half of the time by using the traditional MPPIC method. The THD can be reduced from 4.34% by PI control to 4.27% by SMC. Besides, great improvements are achieved when the demand and load fluctuate during the operation. This MPSMC scheme can also increase the efficiency for the main grid.
